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Atomic Layer Deposition Methods 



TECHNICAL FIELD 
This invention relates to atomic layer deposition methods. 

BACKGROUND OF THE INVENTION 

Atomic layer deposition (ALD) involves the deposition of successive 
monolayers over a substrate within a deposition chamber typically maintained 
at subatmospheric pressure. An exemplary such method includes feeding a 
single vaporized precursor to a deposition chamber effective to form a first 
monolayer over a substrate received therein. Thereafter, the flow of the first 
deposition precursor is ceased and an inert purge gas is flowed through the 
chamber effective to remove any remaining first precursor which is not 
adhering to the substrate from the chamber. Subsequently, a second vapor 
precursor different from the first is flowed to the chamber effective to form 
a second monolayer on/with the first monolayer. The second monolayer might 
react with the first monolayer. Additional precursors can form successive 
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monolayers, or the above process can be repeated until a desired thickness 
and composition layer has been formed over the substrate. 

It is a desired intent or effect of the purging to remove gas molecules 
that have not adsorbed to the substrate or unreacted gas or reaction by- 
products from the chamber to provide a clean reactive surface on the 
substrate for the subsequent precursor. In the context of this document, a 
reaction by-product is any substance (whether gas, liquid, solid or mixture 
thereof) which results from reaction of any deposition precursor flowing to the 
chamber and that is not desired to be deposited on the substrate. Further 
in the context of this document, an intermediate reaction by-product or 
reaction intermediate by-product is a reaction by-product formed by less than 
complete reaction of a precursor to form a desired monolayer on the 
substrate. Where there is a great degree of varying topography and/or there 
are high aspect ratio features on the substrate, it can be difficult to move 
the unreacted gases or reaction by-products from deep within openings for 
ultimate removal from the chamber. Further, certain reaction by-products, 
particularly intermediate reaction by-products, may not be gaseous and may 
not completely react to form gaseous reaction by-products in the typical short 
precursor pulse times. Accordingly, the purge gas pulse may not be effective 
or sufficient in removing such intermediate reaction by-products from the 
substrate and chamber. 
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For example, consider that in an atomic layer deposition of titanium 
nitride using TiCI^ and NH3, the desired deposition product is TIN with HCI 
gas being the desired principle gaseous by-product. Consider also that there 
might be reaction intermediate by-products which might, even if gaseous, be 
difficult to remove from substrate openings. Further, if certain reaction 
intermediate by-products are solid and/or liquid phase prior to HCI formation, 
complete removal can be even more problematic where less than complete 
reaction to TIN and HCI occurs. 

Consider also the atomic layer deposition of AI2O3 using 
trimethylaluminum (TMA) and ozone as alternating deposition precursors. 
Apparently in such deposition, achieving an effective ozone precursor feed can 
be somewhat of a challenge due to the limited lifetime of ozone within the 
chamber Specifically, an ozone molecule is an inherently unstable, reactive 
form of oxygen which can rapidly dissociate and/or combine with another 
ozone molecule to form three O2 molecules. Regardless, a desired goal in 
the ozone feed is adsorption of oxygen atoms from the to the surface 
of the substrate with O2 as the reaction by-product which is driven off. Of 
course, the O2 which forms deep within openings on the substrate has to be 
removed therefrom while more O3 needs to get into the openings to form a 
complete monolayer of oxygen atoms adhering to the substrate. In other 
words, the O2 which forms is trying to get out while more is trying to 
get in. 
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While the invention was motivated in addressing the above issues and 
improving upon the above-described drawbacks, it is in no way so limited. 
The invention is only limited by the accompanying claims as literally worded 
(without interpretative or other limiting reference to the above background art 
description, remaining portions of the specification or the drawings) and in 
accordance with the doctrine of equivalents. 
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SUMMARY 



The invention includes atomic layer deposition methods. In one 
implementation, an atomic layer deposition method includes positioning a 
semiconductor substrate within an atomic layer deposition chamber. A first 
precursor gas is flowed to the substrate within the atomic layer deposition 
chamber effective to form a first monolayer on the substrate. The first 
precursor gas flowing comprises a plurality of first precursor gas pulses. The 
plurality of first precursor gas pulses comprises at least one total period of 
time between two immediately adjacent first precursor gas pulses when no 
gas is fed to the chamber. After forming the first monolayer on the 
substrate, a second precursor gas different in composition from the first is 
flowed to the substrate within the deposition chamber effective to form a 
second monolayer on the first monolayer. 

In one implementation, an atomic layer deposition method 
includes positioning a semiconductor substrate within an atomic layer 
deposition chamber. A first precursor gas is flowed to the substrate within 
the atomic layer deposition chamber effective to form a first monolayer on the 
substrate. After forming the first monolayer on the substrate, a second 
precursor gas different in composition from the first is flowed to the substrate 
within the deposition chamber effective to form a second monolayer on the 
first monolayer. After forming the second monolayer on the substrate, a third 
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precursor gas different in composition from the second is flowed to the 
substrate within the chamber effective to form a third monolayer on the 
substrate. The second precursor gas flowing includes at least two time 
abutting second precursor gas pulses intermediate the first and third precursor 
gas flowings. Such two time abutting second precursor gas pulses are 
characterized by different flow rates of the second precursor. 
Other aspects and implementations are contemplated. 
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BRIEF DESCRIPTION OF THE DRAWINGS 



Preferred embodiments of the invention are described below with 
reference to the following accompanying drawings. 

Fig. 1 is a diagrammatic depiction of flow versus time of one atomic 
layer deposition process in accordance with an aspect of the invention. 

Fig. 2 is a diagrammatic depiction of flow versus time of one atomic 
layer deposition process in accordance with an aspect of the invention. 

Fig. 3 is a diagrammatic depiction of flow versus time of one atomic 
layer deposition process in accordance with an aspect of the invention. 

Fig. 4 is a diagrammatic depiction of flow versus time of one atomic 
layer deposition process in accordance with an aspect of the invention. 

Fig. 5 is a diagrammatic depiction of flow versus time of one atomic 
layer deposition process in accordance with an aspect of the invention. 

Fig. 6 is a diagrammatic depiction of flow versus time of one atomic 
layer deposition process in accordance with an aspect of the invention. 

Fig. 7 is a diagrammatic depiction of flow versus time of one atomic 
layer deposition process in accordance with an aspect of the invention. 

Fig. 8 is a diagrammatic depiction of flow versus time of one atomic 
layer deposition process in accordance with an aspect of the invention. 

Fig. 9 is a diagrammatic depiction of flow versus time of one atomic 
layer deposition process in accordance with an aspect of the invention. 
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Fig. 10 is a diagrammatic depiction of flow versus time of one atomic 

layer deposition process in accordance with an aspect of the Invention. 

Fig. 11 is a diagrammatic depiction of flow versus time of one atomic 

layer deposition process in accordance with an aspect of the invention. 

Fig. 12 is a diagrammatic depiction of flow versus time of one atomic 

layer deposition process in accordance with an aspect of the invention. 
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DETAILED DESCRIPTION OF THE PREFERRED EMBODIMENTS 



This disclosure of the invention is submitted in furtherance of the 
constitutional purposes of the U.S. Patent Laws "to promote the progress of 
science and useful arts" (Article 1, Section 8). 

An atomic layer deposition method in accordance with an aspect of the 
invention includes positioning a semiconductor substrate within an atomic layer 
deposition chamber. In the context of this document, the term "semiconductor 
substrate" or "semiconductive substrate" is defined to mean any construction 
comprising semiconductive material, including, but not limited to, bulk 
semiconductive materials such as a semiconductive wafer (either alone or in 
assemblies comprising other materials thereon), and semiconductive material 
layers (either alone or in assemblies comprising other materials). The term 
"substrate" refers to any supporting structure, including, but not limited to, the 
semiconductive substrates described above. 

By way of example only, Fig. 1 depicts an exemplary plot of flow rate 
versus time of but one process in accordance with- an aspect of the 
invention. A first precursor gas is flowed to the substrate within the atomic 
layer deposition chamber effective to form a first monolayer on the substrate. 
In Fig. 1, a time interval "A" depicts an exemplary first precursor gas flowing. 
In the depicted preferred Fig. 1 embodiment, first precursor gas flowing "A" 
comprises a plurality of first precursor gas pulses P1. Such plurality of first 
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precursor gas pulses comprises at least one total period of time "B" between 
two immediately adjacent first precursor gas pulses P1 when no gas is fed 
to the chamber. The illustrated two immediately adjacent first precursor gas 
pulses P1 are shown as being equal in time, although they could of course 
be unequal in time. Further, time period "B" is shown as being less than 
the time of either of the illustrated pulses P1. Of course, the time period 
"B" could be greater than each of pulses P1, including greater than both In 
combination. Further, time period "B" could be variable throughout an atomic 
layer deposition process where the illustrated Fig. 1 processing, or other 
processing, is repeated. 

Any first precursor gas is contemplated, whether existing or yet-to-be 
developed. By way of example only, where a desired ultimate deposition 
product or layer is TIN, an example first precursor could be either TiCI^ or 
NH3. Further by way of example only, where the ultimate layer or product 
being formed is to be AI2O3, exemplary first precursor gases include 
trimethylaluminum and ozone. Further by way of example, a first monolayer 
utilizing TiCI^ would include titanium or a titanium complex, whereas with 
respect to NH3, such would at least include nitrogen. With respect to 
trimethylaluminum, the first monolayer would include an aluminum complex, 
and with ozone, typically adhered oxygen atoms. Any suitable temperatures, 
pressures, fiow rates or other operating parameters, with or without plasma. 
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can be selected and optimized by the artisan, of course, with no particular 
set of the same being preferred or constituting a part of the invention. 

Still referring to Fig. 1 and after forming the first monolayer on the 
substrate, a second precursor gas P2 different in composition from the first 
precursor gas is flowed to the substrate within the deposition chamber 
effective to form a second monolayer on the first monolayer, with "on" of 
course meaning in at least partial direct physical contact with the first 
monolayer. By way of example only, exemplary second precursors include 
any of TiCI^, NH3, TMA and ozone in the respective exemplary deposition 
reactions referred to above. In accordance with any existing or yet-to-be 
developed atomic layer deposition method, the formed second monolayer might 
combine with the first monolayer to thereby inherently form a desired 
deposition product (i.e., TIN or AI2O3, with the above referred to respective 
precursors), or to form a second monolayer that does not necessarily 
inherently react with the underlying first monolayer. The particular conditions 
of the flowing of the second precursor can be optimized by the artisan, of 
course, and do not constitute material or preferred aspects of the inventions 
disclosed herein. Further, the particular lengths and rates of the respective 
fiowings, and the times therebetween, can also be optimized by the artisan, 
of course, and do not constitute material or preferred aspects of the 
inventions disclosed herein. Further, the exemplary Fig. 1 and other figure 
depictions contemplate any processing occurring before or after the depicted 
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flowings. including any additional processing intermediate the respective gas 
pulses, unless such is specifically precluded by the particular claim under 
analysis as literally worded without interpretative or other limiting reference to 
the background art description, remaining portions of the specification or the 
drawings, and yet in accordance with the doctrine of equivalents. 

By way of example only and in no way of limitation, a theoretical or 
intended effect of the above preferred processing is to provide sufficient 
effective time for reaction by-products and reaction intermediate by-products 
to escape from high aspect ratio openings on the substrate and, thereby, 
provide time or make room for subsequent precursor to flow within such 
openings towards forming an essentially continuous monolayer over the desired 
areas of the substrate. 

Fig. 1 depicts an exemplary process whereby the number of the 
plurality of first precursor gas pulses is two. Of course, more than two first 
precursor gas pulses are contemplated. By way of example only, Fig. 2 
depicts processing whereby three first precursor gas pulses P1 are shown in 
advance of a precursor two flowing. 

In certain aspects, the invention also contemplates the flowing of at 
least one inert purge gas pulse to the substrate within the chamber 
intermediate the first precursor flowing and the second precursor flowing. 
Fig. 3 depicts one example wherein a more preferred inert purge gas 
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pulse IN is interposed between the last first precursor pulse PI and the 
subsequent second precursor gas pulse P2. 

In certain aspects, the invention also contemplates the flowing of 
multiple time-spaced inert gas pulses to the substrate within the deposition 
chamber intermediate the first precursor flowing and the second precursor 
flowing. By way of example only, Fig. 4 depicts such a process wherein two 
time-spaced and immediately adjacent inert purge gas pulses IN are 
interposed between the last first precursor gas pulse and the next subsequent 
precursor two gas pulse. 

In certain aspects, the invention also contemplates the flowing of at 
least one Inert purge gas pulse to the substrate within the chamber 
immediately prior to the first precursor flowing, for example as shown in 
Fig. 5. 

A still more preferred processing is depicted in Fig. 6, whereby it is 
contemplated that inert purge gas flow occurs intermediate P1 and P2 
flowings. Specifically, Fig. 6 depicts a process whereby an inert purge gas 
pulse IN is provided to the substrate within the chamber^ immediately prior to 
the immediately adjacent first precursor gas pulses. The first precursor gas 
pulses are then immediately followed by a time-spaced inert gas pulse, which 
is then followed by a time-spaced second precursor gas pulse. Of course 
in this preferred embodiment, other processing could occur in timed sequence 
both before and after the depicted gas deposition gas pulses. For example, 
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and by way of example only, the five depicted Fig. 6 pulsings could be 
repeated in sequence immediately before and immediately after the Fig. 6 
depicted pulses. Further, a first precursor gas pulse and a second precursor 
gas pulse are only stated or related temporally, of course, and not 
necessarily that the first stated precursor gas flowing or pulsing is a first ever 
precursor flowing to the chamber. Likewise and accordingly depending upon 
which portion of a time line much like the figures to which one is looking, 
second precursor gas pulses can be considered as first precursor gas pulses, 
and vice versa. 

For example, Fig. 7 depicts an exemplary preferred six sequential 
pulsings, starting with a P1 pulsing, followed by an inert gas pulsing, followed 
by two adjacent time-spaced P2 pulsings, followed by another inert gas 
pulsing and then followed by repetition of a P1 pulsing. In essence, such 
is the same as that processing depicted by Fig. 6, but for the addition of 
an initial depicted P2 pulsing in Fig. 6, which appears as a P1 pulsing in 
Fig, 7. 

Another aspect of the invention can also be considered with respect to 
the exemplary Fig. 7 processing. Specifically, Fig. 7 depicts flowing a first 
precursor gas to the substrate within the atomic layer deposition chamber 
effective to form a first monolayer on the substrate, for example by the first 
P1 depicted pulsing. After forming the first monolayer on the substrate, a 
second precursor gas, different in composition from the first precursor gas, 
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is flowed to the substrate within the deposition chamber effective to form a 
second monolayer on the first monolayer. In the depicted embodiment, such 
includes a plurality of time-spaced second precursor gas pulses P2. After 
forming the second monolayer on the substrate, a third precursor gas, 
different in composition from the second, is flowed to the substrate within the 
deposition chamber effective to form a third monolayer on the substrate. In 
the depicted Fig. 7 embodiment, the far right illustrated third precursor flowing 
is designated as "P1". and accordingly, is the same in composition as the 
first precursor. Alternately, the third precursor could be different in 
composition from the first precursor and could be designated as "P3". 

Fig. 7 can be considered as depicting an atomic layer deposition 
wherein at least one total period of time "C" between two adjacent second 
precursor gas pulses has no gas fed to the chamber. Further, Fig. 7 depicts 
an exemplary process wherein there are only two in the plurality of time- 
spaced second precursor gas pulses intermediate the first far left illustrated 
first precursor gas flow P1 and the third far right illustrated precursor gas 
flow PI. 

Fig. 8 depicts an exemplary alternate process characterized at least in 
part by at least one total period of time C between two adjacent second 
precursor gas pulses P2 when some gas is fed to the chamber, and 
particularly as illustrated within which at least one inert purge gas pulse IN 
is fed to the substrate within the chamber. Further, the respective Figs. 7 
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and 8 exemplary processings depict methods characterized in part by flowing 
at least one inert purge gas pulse IN, and multiple such pulses as shown, 
to the substrate within the chamber intermediate the far left first illustrated 
precursor flowing P1 and the far right illustrated third precursor flowing 
designated by P1. 

Further aspects of the invention are initially described with reference to 
Fig. 9. By way of example only, such depicts a first precursor gas flowing 
to the substrate within an atomic layer deposition chamber effective to form 
a first monolayer on the substrate as depicted by the far left illustrated P1 
flow pulse. After forming the first monolayer on the substrate, a second 
precursor gas, different in composition from the first, is flowed to the 
substrate within the deposition chamber effective to form a second monolayer 
on the first monolayer. Such is designated In Fig. 9 as P2, and is 
expanded upon below. After forming the second monolayer on the substrate, 
a third precursor gas, different In composition from the second, is flowed to 
the substrate within the deposition chamber effective to form a third 
monolayer on the substrate. Such third precursor gas composition might be 
the same as the first precursor, as designated in the figure by flow pulse P1, 
or be different in composition from the first precursor and the second 
precursor. 

Regardless, the second precursor gas flowing comprises at least two 
time abutting second precursor gas pulses 30 and 40 intermediate the first 
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and third precursor gas flowings P1. Such two time abutting second 
precursor gas pulses 30, 40 are characterized by different flow rates of the 
second precursor. In the depicted embodiment, the first flow rate is shown 
as being roughly one-half that of the second. This relationship could be 
reversed, of course, and any different variations of the respective time 
abutting rates utilized. . By way of example and in no way by limitation, the 
utilization of different flow rate, time abutting precursor gas pulses might have 
a desired effect of facilitating the removal of certain reaction by-products from 
within high aspect ratio openings on the substrate. 

Fig. 9 depicts but one exemplary processing in accordance with one 
aspect of the invention whereby the subject two time abutting precursor gas 
pulses are equal in time. By way of example only. Fig. 10 depicts an 
exemplary process wherein such two time abutting precursor gas pulses are 
not equal in time, with a first in time gas pulse 30a of the two time abutting 
second precursor gas pulses being greater in flow time than a second 40a 
in time of an immediately adjacent of the two time abutting precursor gas 
pulses. Further by way of example only, Fig. 11 depicts an exemplary 
process whereby a second 40b in time of the two time abutting second 
precursor gas pulses is greater in flow time than that of a first 30b In time 
second precursor pulse of an immediately adjacent of the two time abutting 
second precursor gas pulses. 
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Of course as with the above-described embodiments, the invention 
contemplates any processing occurring before, after or intermediate the 
depicted gas pulsings unless specifically precluded by the claim under 
analysis. For example and by way of example only. Fig. 12 depicts multiple 
time-spaced inert purge gas pulses to the substrate within the deposition 
chamber occurring intermediate the far left illustrated first precursor flowing PI 
and the far right illustrated third precursor flowing P1. 

The invention might have particular applicability to the formation of 
hemispherical grain polysilicon capacitors formed within high aspect ratio 
openings, but is in no way so limited. 

In compliance with the statute, the invention has been described in 
language more or less specific as to structural and methodical features. It 
is to be understood, however, that the invention is not limited to the specific 
features shown and described, since the means herein disclosed comprise 
preferred forms of putting the invention into effect. The invention is, 
therefore, claimed in any of its forms or modifications within the proper scope 
of the appended claims appropriately interpreted in accordance with the 
doctrine of equivalents. 
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